Prion disease is characterized by the ␣3␤ structural conversion of the cellular prion protein (PrP C ) into the misfolded and aggregated ''scrapie'' (PrP Sc ) isoform. It has been speculated that methionine (Met) oxidation in PrP C may have a special role in this process, but has not been detailed and assigned individually to the 9 Met residues of full-length, recombinant human PrP C [rhPrP C (23-231)]. To better understand this oxidative event in PrP aggregation, the extent of periodate-induced Met oxidation was monitored by electrospray ionization-MS and correlated with aggregation propensity. Also, the Met residues were replaced with isosteric and chemically stable, nonoxidizable analogs, i.e., with the more hydrophobic norleucine (Nle) and the highly hydrophilic methoxinine (Mox). The Nle-rhPrP C variant is an ␣-helix rich protein (like MetrhPrP C ) resistant to oxidation that lacks the in vitro aggregation properties of the parent protein. Conversely, the Mox-rhPrP C variant is a ␤-sheet rich protein that features strong proaggregation behavior. In contrast to the parent Met-rhPrP C , the Nle/Moxcontaining variants are not sensitive to periodate-induced in vitro aggregation. The experimental results fully support a direct correlation of the ␣3␤ secondary structure conversion in rhPrP C with the conformational preferences of Met/Nle/Mox residues. Accordingly, sporadic prion and other neurodegenerative diseases, as well as various aging processes, might also be caused by oxidative stress leading to Met oxidation.
Prion disease is characterized by the ␣3␤ structural conversion of the cellular prion protein (PrP C ) into the misfolded and aggregated ''scrapie'' (PrP Sc ) isoform. It has been speculated that methionine (Met) oxidation in PrP C may have a special role in this process, but has not been detailed and assigned individually to the 9 Met residues of full-length, recombinant human PrP C [rhPrP C (23-231)]. To better understand this oxidative event in PrP aggregation, the extent of periodate-induced Met oxidation was monitored by electrospray ionization-MS and correlated with aggregation propensity. Also, the Met residues were replaced with isosteric and chemically stable, nonoxidizable analogs, i.e., with the more hydrophobic norleucine (Nle) and the highly hydrophilic methoxinine (Mox). The Nle-rhPrP C variant is an ␣-helix rich protein (like MetrhPrP C ) resistant to oxidation that lacks the in vitro aggregation properties of the parent protein. Conversely, the Mox-rhPrP C variant is a ␤-sheet rich protein that features strong proaggregation behavior. In contrast to the parent Met-rhPrP C , the Nle/Moxcontaining variants are not sensitive to periodate-induced in vitro aggregation. The experimental results fully support a direct correlation of the ␣3␤ secondary structure conversion in rhPrP C with the conformational preferences of Met/Nle/Mox residues. Accordingly, sporadic prion and other neurodegenerative diseases, as well as various aging processes, might also be caused by oxidative stress leading to Met oxidation.
conformational switch ͉ expanded genetic code ͉ methionine sulfoxide reductase ͉ noncanonical analogs ͉ unnatural amino acid sequence T he hallmark feature of conformational disorders such as Alzheimer's, Parkinson's, Huntington diseases, and transmissible spongiform encephalopathies is the ability of particular proteins to fold into stable alternative conformations (1) . In most cases, this event results in protein aggregation and accumulation in tissues as fibrillar deposits (2) . Prion diseases are caused by cerebral deposition of an aggregated pathological isoform of the cellular prion protein (PrP C ) termed PrP Sc (3), which is a membrane-bound glycoprotein found in the central nervous system of all mammals and avian species (4) . Extensive structural studies (5) clearly revealed that, in PrP C , the Cterminal region (125-231) adopts an ␣-helical globular fold with a small 2-stranded ␤-sheet (Fig. 1B) (6) , whereas the 100-membered N terminus is mainly unstructured (7) . Despite high sequence conservation in all mammalian species, the specific function of the PrP C in healthy tissues still remains elusive (8) .
Prion diseases can be sporadic, inherited, and infectious (9). Whereas inherited diseases typically arise from mutations in the C-terminal domain, sporadic ones are the most common in humans (85%) (4), and can be assigned to the class of diseases arising from protein conformational disorders such as Alzheimer and Parkinson (10) (11) (12) . Numerous studies unambiguously confirmed a causal role of protein misfolding in all these diseases (13) . The infectious process is believed to be a self-propagating, autocatalytic conformational rearrangement, where recruited and misfolded PrP C catalyzes the conversion of further PrP C that further leads to the formation of ␤-sheet enriched fibrils (14) .
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0902688106/DCSupplemental. However, little is known about the initial event in this autocatalytic misfolding cascade. Beside genetic causes (mutations), various environmental factors such as molecular crowding, metal ions, chaperone proteins, membrane lipid composition, pH, and/or oxidative stress have been claimed as responsible (15, 16) .
Whatever the origin, it is reasonable to assume that minor stochastically formed modifications of the polypeptide chain induce local ␣3␤ structural transition. In this context, methionine (Met) residues could represent the key structural switches because of their high sensitivity toward oxidation that converts the moderately hydrophobic thioether side chain into the hydrophilic sulfoxide form (Fig. 1 A) . Indeed, this redox-controlled Met7Met(O) reaction can induce an ␣-helix7␤-sheet conformational switch in model peptides (17) . Although Met is a rare amino acid in proteins (18) , there are many important proteins whose activity is altered by Met-oxidation such as 1-antitrypsin calmodulin, fibronectin, cytochrome C, apolipoprotein, chymotrypsin, hemoglobin, etc. (reviewed in ref. 19) .
However, proteins with higher numbers of surface-exposed Met residues might serve as a first defense against damage by reactive oxygen species (ROS) (20) . The degree of oxidation of Met residues in cells is controlled by both, the balance of the production of ROS and the reduction of Met(O) back to Met by Met-sulfoxide reductases (Msr) ( Fig. 1) (21) . Also, diseases related to protein misfolding may be a consequence of an imbalance in cellular oxidation reaction and/or a loss of protective mechanisms (22) . Thus, it is no surprise that the performance of related Msr enzymatic systems determines aging, stress resistance, and lifespan of bacteria, yeast, insects, and mammals (23) .
A possible involvement of Met oxidation in the ␣3␤ conversion of PrP C has been proposed and susceptibility of the Met residues to oxidation in recombinant mouse and chicken PrP C s was reported (24) . As expected, solvent-exposed Met residues of Syrian hamster PrP C were much more susceptible to oxidation than buried ones when using 3-10 mM H 2 O 2 as oxidizing agent (25) . However, CD measurements indicated only minor unfolding or aggregation under these conditions (25) . Although MS allowed to detect some oxidized protein tryptic fragments of PrP Sc , only controversial data are available, so far, about Met-oxidation in PrP Sc forms, as well as in fibril formation (26, 27) .
The Met residues in native PrP C are in the reduced (thioether) form, and the protein adopts a predominantly ␣-helical fold. We hypothesize that ROS-induced Met oxidation may well represent an initial event that leads to intramolecular ␣3␤ structural conversion followed by fatal PrP C 3PrP
Sc transition and the autocatalytic misfolding cascade. However, in experimental studies of Met oxidation of PrP C , it is difficult to achieve controllable and selective side-chain oxidation. For this purpose, Met analogs with opposite conformational preferences, as applied in the present study, can provide a powerful tool to arrest different structural states of the Met-rich PrP C sequence. The incorporation of methoxinine (Mox) (Fig. 1D ) in response to the AUG codon gives rise to an aggregation-prone ␤-sheet-rich structure most probably similar to that of Met(O)-rhPrP C . In contrast, norleucine (Nle) (Fig. 1D ) in the rhPrP C sequence enhances hydrophobic interactions of the prion globular domain, making it resistant to oxidation and subsequent ␣3␤ intramolecular conversion. By this way, we were able to stabilize rhPrP C in a very predictive manner, as well as to alter rationally the global folding pattern of rhPrP C from a structure with predominantly ␣-helical to the structure with predominantly ␤-sheet content.
Results

Periodate-Induced Aggregation of Met-rhPrP C as Monitored by Cross-
Correlation Spectroscopy. The in vitro aggregation tendency of Met-rhPrP C was monitored using the well established de novo SDS-dependent in vitro aggregation assay (29, 30) , based on confocal single molecule analysis with f luorescence crosscorrelation spectroscopy (FCS) analysis (31, 32) . In 0.2% SDS, rhPrP C exhibits a high ␣-helical content, and does not form aggregates. By diluting the SDS concentration to 0.0125%, a significant rise in cross-correlation amplitude indicates aggregation of rhPrP C .
To study the effect of Met oxidation on the protein aggregation propensity, comparative aggregation assays were performed under different oxidative conditions. Peroxide H 2 O 2 is routinely used in oxidation studies of many proteins including PrP C s from various organisms (25, 33) . However, in our hands, sodium periodate proved to be the best oxidant to generate reliable and reproducible data. Each dilution of the protein was treated with a molar excess of sodium periodate (2 M, 200 M, and 10 mM; for more details, see SI Materials and Methods). The high excess of oxidant served to overcome the drastically reduced reaction rates at the low protein concentration necessary for FCS. As shown in Fig. 2 , with an increase of the oxidant concentration a significantly enhanced aggregation of Met-rhPrP C can be observed.
Mapping Met Oxidation by MS.
The oxidation of Met-rhPrP C was performed at 0.4 mM concentration with 0.5, 5.0, and 25 eq of sodium periodate in 10 mM Mes, pH 6.0, on ice and 12 h, according to well established protocols (34) . After tryptic digestion, the peptide mixture was analyzed by electrospray ionization (ESI)-MS. The 9 Met residues are distributed on 6 tryptic fragments, 2 of them with multiple Met residues. These are MMER (Met-205/206) and MAGAAAAGAVVGGLGGYM-LGSAMSRPIIHFGSDYEDR (Met-112/129/134). Attempts to use Orbitrap MS for Met oxidation mapping in tryptic fragments of rhPrP C were reported recently (35) . However, routine ESI-MS in the nanospray Orbitrap setup works in the presence of oxygen, which is a main source for unspecific oxidation of Met. To rule out unspecific Met oxidation by the analysis method, we used an ESI-MS setup that operates exclusively under nitrogen (Brucker Daltonics). Met-and Met(O)-peptide samples showed different retention times making semiquantitative estimations of the oxidation state possible.
Expectedly, treatment with 0.5 eq of periodate did not induce detectable Met-oxidation, whereas a 10-fold increase of oxidant (5 eq) yielded almost quantitative oxidation of Met-213 (VVEQMCITQYER), and Met-166 (YPNQVYYRPMDEY-SNQNNFVHDCVNITIK) (Figs. S1 and S2). The Met-112/129/ 134 peptide, Met-109 (TNMK), and Met-154 (ENMHR) exhibit rather low levels of modification, whereas no oxidation was observed for the Met-205/206 peptide (Fig. 3) . Treatment of Met-rhPrP C with 25 eq of periodate resulted in partial precipitation. After centrifugation, both pellet and supernatant were (Fig. S3) . In both cases, CD spectra and melting curves of the oxidized proteins (5 and 25 eq per soluble fraction) were almost identical to those of the sample without periodate treatment ( Fig. S2 and Fig. S4 ).
In the pellet (with 25 eq of periodate), all thioether moieties of the tryptic fragment with Met-112/129/134 were fully oxidized. This peptide belongs to the unstructured N terminus. In the majority of the oxidized MMER (Met-205/206) fragment from the pellet showed both Met residues in the oxidized form (Fig.  S5 ). However, a rather high proportion of this fragment contained intact Met residues; similarly, nonoxidized Met residues were additionally found at positions 109, 154, 166, and 213. Their presence in the pellet is most probably due to the pull-down effect caused by association of soluble protein molecules to insoluble aggregates. The overall pattern of the periodateinduced oxidation in all analyzed peptides is presented in Fig. 3 .
These findings confirm that the buried Met-205/206 residues are less accessible to oxidants even when increasing the concentration to 25 eq. This fact agrees with previous reports from other laboratories (25, 33) . With this optimized analytical method, rather confident quantification of the extent of oxidation of individual Met residues in rhPrP C by periodate was obtained.
Met Oxidation Studied by Met-Analogs. To test the hypothesis that oxidation of the buried Met residues could be the critical event in vivo for the ␣3␤ structural transition in PrP, we attempted first to express rhPrP C with all Met residues fully replaced by Met(O) or even Met(O 2 ) (Fig. 1 A) . Because these experiments failed, most probably due to the intracellular catalytic activity of Msr, the Met residues were replaced by chemically stable yet translationally active analogs that were meant to arrest the protein conformation in a defined state by mimicking native Met or Met(O). As best candidates the isosteric Met analogs Nle and Mox were selected (Fig. 1D) , because these amino acids consist of nearly identical side-chain lengths, identical number of single rotating bonds, and are resistant to chemical oxidation. The polarities of the 2 noncanonical amino acids are extremely different. Compared with the moderately hydrophobic Met (water solubility, Ϸ360 mM), Nle is neutral and strongly hydrophobic (apolar) with a water solubility of Ϸ120 mM (36), whereas Mox [like Met(O)] is highly hydrophilic (polar) with a water solubility nearly equivalent to serine. (Fig.  4) . From the intensities of the mass ion signals, we could estimate semiquantitatively a high Nle incorporation (Ϸ97%). Similarly, the molecular mass change from Met to Mox is 16 Da, which corresponds to a difference of 144 Da for the whole recombinant protein. Indeed, we found then an expected mass of 22,774.3 Da for Mox-rhPrP C (Fig. 4) . However, the level of substitution was somewhat lower (Ϸ85%) than for the Nle-variant.
Pro-and Antiaggregation PrP Variants. As shown in Fig. 5A , the aggregation capacity of Nle-rhPrP C is significantly reduced compared with that of Met-rhPrP C , under the identical experimental conditions. This strong antiaggregation effect directly correlates with an enhanced stability of the spatial structure and a high ␣-helical content of Nle-rhPrP C (see below). In contrast, the Met replacement by Mox in rhPrP C caused a strong proaggregatory effect. As expected, in the aggregation assay under oxidative conditions, the Nle-and Mox-variants were relatively insensitive to the different sodium periodate concentrations (Fig. 5B) , and the observed steady increase has to be attributed to oxidative degradation of other sensitive residues, particularly Trp and Tyr (33) . Thus, Nle-rhPrP C and Mox-rhPrP C proved to be suitable tools to investigate the effect of Met oxidation.
Conformational Properties of Nle-rhPrP C and Mox-rhPrP C . The far-UV CD spectrum of Met-rhPrP C at 37°C in 10 mM Mes at pH 6.0 is identical to those previously reported (33, 39) , and has the 2 negative maxima at 222 and 208 nm, typical for largely ␣-helical proteins. Compared with the parent Met protein, the spectrum of the Nle-variant (Fig. 6A) shows increased intensities of the 2 maxima by Ϸ10%, indicating further stabilization of the native state. Conversely, for the Mox-rhPrP C , significant changes in the dichroic properties were observed. The negative maximum is shifted to 215 nm, and the overall intensity is markedly reduced. Obviously, the global Met3Mox replacement in the PrP leads to conversion of the prevalent ␣-helical structure to ␤-type conformations. All 3 spectra were also monitored in the presence of 0.2% SDS, which is known to prevent aggregation in rhPrP C (30) . Expectedly, no changes in dichroic signals were observed, confirming the absence of sample aggregation.
The temperature-induced unfolding of Met-, Nle-, and MoxrhPrP C was monitored by recording the dichroic intensities at 222 nm (Fig. 6B) . Because thermal unfolding of these proteins leads to irreversible denaturation, thermodynamic parameters could not be derived. As already suggested by the increased dichroic intensities at 37°C, the enhanced stability of Nle-rhPrP C is well reflected by the higher melting point (T m ϭ 74.4 Ϯ 3.4°C) compared with Met-rhPrP C (T m ϭ 65.2 Ϯ 4.2°C) (Fig. 6B ). An enhanced thermal stability induced by the Met3Nle replacement has previously been observed for the ␣-helical annexin A5 (36) , and has been attributed to the increased hydrophobicity of the protein core by the buried Nle residues. Similarly, the buried Nle 205/206 should strongly contribute to the markedly enhanced stability of the Nle-rhPrP C variant. For the thermal unfolding of Mox-rhPrP C , a gradual, noncooperative melting between 42 and 95°C was observed. Such unfolding patterns are generally typical for proteins that either are very flexible and partially unfolded in the ground state or contain heterogeneous populations of folded states. We attribute the different unfolding behavior of Mox-rhPrP C as compared with Met-or Nle-rhPrP C to its flexibility and the mixed populations of prevalently ␤-sheet structure of this variant.
An additional striking feature of the temperature-induced denaturation experiment with the Mox-variant is the maximum stability in the temperature range between 35 and 45°C, whereas below and above these temperatures, protein denaturation takes place (Fig. 6B) . A decrease in protein stability induced by lower temperatures is known as cold denaturation (40) . In natural proteins, cold denaturation usually occurs below the freezing point of water, and was observed for proteins with hydrophilic amino acid residues in the core structure (41) . Therefore, the cold-denaturation-like melting of Mox-rhPrP C is most probably caused by the introduction of hydrophilicity in the globular domain of rhPrP C with the Mox 205/206 residues. A similar observation was reported recently for a variant of the ribonuclease inhibitor bastar containing a hydrophilic tryptophan derivative in the protein interior (42) .
Discussion
In this study, we focused on a better understanding of how the intramolecular ␣3␤ structural conversion of the cellular PrP may be related to the chemistry of the Met side chains. The formation of PrP Sc from PrP C is a posttranslational process that is believed to follow an autocatalytic mechanism (14) . A chemical modification of particular residues might trigger this misfolding cascade. In fribrillar PrP Sc , such initial chemical modification may be difficult to detect, because a small seed of modified molecules may suffice for the onset of the process. No candidate for chemical modification could be unambiguously identified. Although there is increasing evidence for an important role of PrP C in oxidative stress (15) , so far, a direct correlation between PrP C oxidation and its conversion to a ␤-sheet rich form was not clearly established.
Oxidation of Met Residues in rhPrP C and ␣3␤ Structural Conversion.
In nature, the PrP C is an N-linked glycoprotein normally bound to the neuronal cell membrane by a GPI anchor (4). However, unglycosylated isoforms of PrP C exist as well in vivo and their conversion to PrP Sc is confirmed (43) . Also, Hornemann et al. (44) demonstrated by circular dichroism and 1 H-NMR spectroscopy that the 3D structure and the thermal stability of the natural glycoprotein, as well as the recombinant polypeptide, are essentially identical. A number of recent experimental and theoretical studies investigated the possible role of glycosylation and membrane anchoring on PrP C structure. Elfrink et al. (45) found that membrane anchoring of PrP at high concentration profoundly alters its secondary structure, whereas DeMarco and Deggett (46) reported that glycosylation and attachment of PrP C to the membrane surface via a GPI anchor does not significantly change the structure or dynamics of PrP C . Independently of this unresolved issue, it is unlikely that the state of the protein in solution or in the membrane-anchored form has an influence on the structural perturbation caused by the oxidation of Met residues localized in the folded, exposed part of the protein.
Most of its 9 Met residues are surface-exposed and located in the structured globular part (125-231) as follows: Met-129 in the ␤-strand I, Met-134 in the loop between ␤-strand 1 and ␣-helix I, Met-154 in ␣-helix I, and Met-166 in ␤-strand II. Only Met-109 and Met-112 are located in the unstructured N terminus (23-124). However, Met-205 and Met-206 in ␣-helix III are buried, whereas Met-213 is only partially surface-exposed (Fig. 1) .
The position 205 is invariantly occupied by hydrophobic residues in PrPs from different species, and is well conserved in all mammalian species. Met-205 is part of the hydrophobic face of helix III, and is involved in a network of interactions that stabilize the packing of this structural motif. Its replacement by hydrophilic Ser or Arg prevents folding in vivo of the mutant protein (47), a fact that was confirmed by molecular dynamic simulations (48) . A similar structural role can possibly be assigned to the vicinal Met-206 residue. Indeed, by using molecular dynamics simulations, Colombo et al. (49) suggested recently that oxidation of helix III Met residues (Met-206 and Met-213) might be the switch for triggering the initial ␣-fold destabilization required for the productive pathogenic conversion of PrP. Therefore, the oxidation of PrP C , especially the Met-205/206 in the hydrophobic core, could dramatically change the intrinsic local conformational preferences, and facilitate global ␣3␤ structural conversion in PrP.
Our oxidation experiments accord with this hypothesis. We could not only observe an increase in the aggregation tendency of rhPrP C on increasing the oxidant concentration (Fig. 2) , but also detect a higher proportion of oxidized Met residues in this procedure. Although at lower oxidant concentration mainly the surface-exposed Met residues are oxidized to Met(O), with 25 eq of sodium periodate even the buried Met-205/206 residues are at least partially oxidized, as well assessed by the ESI-MS analysis of tryptic digests (Fig. 3) . Although the oxidation of these critical residues provokes precipitation, probably as a result of enhanced aggregation, a quantitative correlation between oxidation state of the Met residues and aggregation propensity of rhPrP C is prevented by the experimentally different conditions required for the aggregation assay (i.e., the very low protein concentration and, thus, strongly reduced reaction rates that require higher oxidant excesses). Nevertheless, by increasing the periodate amounts a significantly enhanced aggregation, propensity was observed (Fig. 5B) . A contribution of oxidative degradation of sensitive residues such as His, Trp, and Tyr cannot be excluded as suggested by other studies (25, 33) . However, the main effect has to result from the conversion of less accessible Met residues to the Met(O) form as the Nle-variant, which lacks these Met residues, shows only a slight increase in the aggregation tendency under comparative oxidative conditions. Chemical Model for ␣3␤ Conversion in rhPrP C . In the current study, we sought to delineate how the intramolecular ␣3␤ structural conversion of rhPrP C could take place in the frame of a well-defined model system. To create such a model system that allows a direct correlation between Met oxidation and aggregation propensity, we first aimed at the quantitative substitution of Met by Met(O) in the PrP. Unfortunately, our attempts to replace all Met residues in rhPrP C with Met(O) by the SPI method failed. Therefore, we selected the alternative approach of replacing the Met residues with synthetic Met analogs. They offer a good chemical model, because they are (i) insensitive to oxidation, (ii) no substrates for intracellular Met-sulfoxide reductases, and (iii) their effect on conformational preferences can be derived from model studies. Accordingly, the Met residues were replaced by the significantly more hydrophilic isosteric Mox to mimic the Met(O)-rhPrP C form and combined with the expression of the oxidation-insensitive Nle-variant (Fig. 4) .
From peptide studies, Met is well known to stabilize and efficiently induce ␣-helical conformations (50, 51) . Similarly, Nle exhibits an even higher intrinsic preference for ␣-helical states, but lower preferences for ␤-sheet conformations than Met residues (52) . In the absence of experimental data on structural propensities of Mox residues, which conceivably could prefer ␤-sheet over ␣-helical conformation because of their hydrophilicity, we have addressed this question with the suitable model peptide YLKAMLEAMAKLMAKLMA-NH 2 of Dado and Gellman (17) , which showed an ␣3␤ transition on Metoxidation. The Nle-peptide exhibits the typical ␣-helical CD profile with a very high content of ordered structure (Ͼ80% ␣-helix). Conversely, the related Mox-peptide shows a dramatically decreased ␣-helical content (Ϸ40%) with a 6-fold increase in random coil, but also a significant percentage of ␤-type structure (20%) (Fig. S6 and Table S1 ). These results are in agreement with observations made with Met-containing peptides, which are related to the ␣-helices of apolipoprotein A-I, where Met oxidation produced significantly reduced helical fold (53) . Together, one can conclude that Mox represents a good mimic for Met(O).
The findings from model peptides are reflected at the level of the rhPrP C variants, with the Nle-variant exhibiting a further stabilized ␣-helical core (Fig. 6 ) with low tendency to aggregation. Conversely, the CD spectrum of the Mox-variant suggests a largely ␤-structured fold with high aggregation propensity. By this way, a reliable model was provided, which clearly evidences how the hydrophilicity/hydrophobicity interplay is crucial to the ␣3␤ conversion in rhPrP C structure. This experimental model supports a natural scenario where oxidative conversion of Met residues, especially buried ones, into Met(O) may act as primary event in sporadic prion disease induction, particularly taking into account the pronounced structural ambivalence of PrP C . In fact, model studies on the peptides related to ␣-helix II of PrP C clearly revealed a surprisingly low free energy difference between the ␣-helical and ␤-sheet conformations of only 5-8 kJ⅐mol Ϫ1 , confirming at least for this helix a conformational ambivalence (54, 55) .
Perspectives. The residue-specific incorporation of Nle and Mox in full-length rhPrP C (23-231) provided a useful chemical model to study the role of Met residues in prion ␣3␤ structural conversion. An excellent correlation between solution properties of Met/Nle/ Mox side chains and the conformational states of the related protein variants enabled us to anticipate Met-oxidation as an initial destabilizing event of the rhPrP C ␣-fold, and its subsequent tran-sition and assembly into PrP Sc . Therefore, by expanding the genetic code of the AUG triplet with Nle and Mox, it is possible to arrest physiologically and pathologically relevant conformational states of the PrP. These extreme conformational states are usually not amenable in animal models nor with peptide fragments. Our experimental approach allows delineating and understanding the nature of structural transitions underlying those fundamental biological processes that are crucial in protein misfolding diseases. We envision the use of this methodology for studies of other proteins highly relevant for neurodegenerative, as well as other aging-related diseases.
Materials and Methods
Quantification of Individual Met Residue Oxidation in rhPrP C on Periodate Addition. The oxidation of Met-rhPrP C was performed at 0.4 mM protein concentration with 0.5, 5, and 25 eq of sodium periodate in 10 mM Mes, pH 6.0, at 0°C and overnight, according to well established protocols (34) . After tryptic digestion, the peptide mixture was analyzed by ESI-MS. Samples were separated by Symmetry Varian Pursuit XRs ultra C18 column (Varian) with a flow rate of 250 L/min, and 80-min linear gradient from 30-90% acetonitrile/ 0.05% trifluoroacetic acid.
Other Experimental Procedures. Detailed description of all other experimental procedures is provided in SI Materials and Methods. Also, all ESI-MS analyses of oxidized and unoxidized trypsinized fragments are available from authors on request.
